Introduction about a factor of 10 4 lower for wavelengths Ͼ340 nm. Ultraviolet A (UVA*) radiation (subdivided into UVA2: 315-Assuming that the proliferative basal cells in the epidermis 340 nm, and UVA1: 340-400 nm) is the main part of the solar are the target cells, the data can be corrected for differences UV radiation reaching the earth's surface. Its contribution to the in epidermal transmission between mouse and human (8). erythemogenic and melanogenic potential of natural sunlight is, Thus, the UVA contribution to the carcinogenicity of sunlight for humans is estimated to be around 10-20% (9); this is a *Abbreviations: ultraviolet A, UVA 315-400 nm; ultraviolet 2, UVA2 315-substantial background to the UVB-induced carcinogenesis, 340 nm; ultraviolet A1, UVA1 340-400 nm; ultraviolet B, UVB 280-315 nm;
and only the latter is increased by ozone depletion. The SCUP, Skin Cancer Utrecht Philadelphia; SCUP m , SCUP action spectrum for uncertainty in the SCUP action spectra is relatively large in mice; IR, infrared; D, daily dose; t 50 , median tumor induction time(s), the the UVA1 wavelength region, due to a lack of data acquired time until 50% of the mice in a group bear carcinomas or precursors; SCC, squamous cell carcinoma(s); σ, standard deviation; p, power of time.
with narrow band irradiation, and due to a lack of information on the dose-time relationship in this wavelength region. We performed the present experiment to fill in these gaps in information in the long wave UVA region. A good definition of the action spectrum in the UVA1 is important for the mouse to human extrapolation for an assessment of risk from ozone depletion and from tanning with high powered UVA1 sources.
Materials and methods

Animals and their maintenance
In this experiment albino hairless mice (SKH:HR1; Charles River) were used. A total of 128 animals (64 female, 64 male) with ages ranging from 11 to 15 weeks were randomly divided into four groups of 24 animals, and two groups of 16 animals. No significant differences were found in the responses of male and female mice. Animals were housed separately in steel cages subdivided into eight compartments with wire mesh tops. Standard mouse chow (Hope Farms RMH-B) and tap water were available ad libitum. Mice were kept in an air-conditioned room at an ambient temperature of about 24°C, which rose to 26-28°C during UVA exposure due to heat dissipation in the electrical circuits. The room was illuminated with yellow fluorescent tubes (Philips TL40W/16) in a 12-h cycle (switched on at 6:00, and off at 18:00). These lamps do not emit any measurable UV radiation. No daylight entered the room. Permission for the experiments was obtained from an independent ethical committee, in accordance with Dutch legislation and EU guidelines. Fig. 1 . Scaled schematic representation of a cross-section of the exposure The mice were irradiated from above, while being allowed to move freely in configuration, with (A) UVA lamp, (B) MUG 2 glass filter, (C) '330 glass' the cage. A UVA source was mounted above each cage, and this source was filter and (D) plexiglass container filled with water. switched on and off automatically by an electronic clock. The outlines of the irradiation setup are depicted in Figure 1 . The twelve UVA sources were high pressure mercury lamps (2 kW, 1 kW or 400 W) developed by Philips and specially low-and high-cut filtered to obtain radiation from the spectral line at 365 nm. The filter system consisted of a visible light 3-mm MUG-2 glass filter ('Woods glass'), a '330 glass' (manufactured by Philips for lamp envelopes) to filter out the UVB and shorter UVA radiation below 340 nm, and a transparent plexiglass (gs 2058, Röhm Kunststoffe, Darmstadt, Germany) container filled with water (optical path length 50 mm) to filter out the infrared (IR) radiation. The visible light and IR were filtered out to minimize heat effects. During the irradiation period the temperature in the cages never exceeded 28°C. The spectrum of the filtered lamp is shown in Figure 2 . Due to limitation in the electrical power supply the four UVA dose-groups were irradiated in three shifts at different times. The daily irradiation time was 2 h and the mice were exposed from 7:00 till 9:00, or 11:30 till 13:30 or 16:00 till 18:00. Mice in group 1 received a daily (dorsal) dose (D) of 430 kJ/m 2 (250-400 nm). This daily dose is about 60% of the dose that causes acute effects such as edema and erythema. Mice in groups 2, 3 and 4 received 240, 140 and 75 kJ/m 2 per day, respectively. Due to the geometry of the set-up, there was some variation in the irradiances over the cage. The cages were rotated 180°every week. At corner compartments of the cages the irradiance dropped by~10% (maximally 20%); the lower exposures in corner compartments was not compensated for by the rotation. We could not detect significant differences between responses of the animals in corner positions or center positions. One group of 16 mice served as unirradiated controls, and were exposed only to the room light from the non-UV emitting fluorescent tubes. Another group of 16 mice were used as positive controls for UVB exposure and were irradiated with North American Philips F40 sunlamps (see reference 10 for lamp details); a total of 920 J/m 2 (250-400 nm) was given daily from 11:30 till 13:30 to the dorsum of the animals. The F40 dose was routinely monitored with a Robertson-Berger meter (Solar Light Company, Philadelphia, PA) in combination with a micro-ampere meter (Keithley Inc., Cleveland, OH) calibrated against an Optronics 742 photospectrometer (Optronic Laborat- Fig. 2 . Relative spectral energy output of the filtered Philips UVA lamp. ories Inc., Orlando, FL). The UVA dose was determined with an UVX meter and an UVA sensor of Waldmann (Waldmann, Schwenningen, FRG) in after 400 days of irradiation mortality was inexplicably high in one cage combination with the micro-ampere meter, calibrated against the Optronics of the lowest dose-group. If a tumor was spotted on an animal for the 742 photospectrometer and against the Kipp E11 thermopile. The exposure first time, the observation had to be confirmed in the next check-up or rates were measured every fortnight. The radiant output of a lamp was otherwise the observation was disregarded. Tumors were subdivided controlled with an electronic dimmer circuit, which could be re-adjusted according to diameter into: Ͻ1 mm, ജ1 mm, ജ2 mm, ജ4 mm. During if necessary.
Irradiation set-up and dose-groups
the experiment we distinguished between evident papillomas (pedunculated, Animal observations and data analysis protruding tumors with a 'cauliflower-like' surface) and other tumors by visual inspection. Not all tumors were first scored at a sub-1-mm level The UVB-exposed animals were checked on a weekly basis, and the UVA exposed animals every fortnight. All deviations from normal skin appearance because sometimes they either grew too fast, or developed into scaly/ leathery (hyperkeratotic) skin patches, which hampered early detection. (tumors, change of color, hyperkeratosis, scratch marks, wrinkling etc.) were recorded. A (small) skin lesion was classified as a tumor when it These patches were Ͼ1 mm and did not classify as tumors. Only tumors that arose in unscarred skin were registered for induction times (i.e. tumors rose up from the surrounding skin surface and/or was clearly vascularized. Cysts could be clearly distinguished. Animal mortality was also recorded; that could have been promoted by scarring were disregarded). If a tumor was first seen at t ϭ t i , and t ϭ t i-1 was the previous check-up time,
Skin changes
then the tumor induction time was defined as (t i ϩ t i-1 )/2. Thus we get
Besides the above mentioned scratch lesions other doseinduction times for papillomas and non-papillomas with diameters Ͻ1 mm, dependent skin changes were observed in the UVA-irradiated 1 mm, 2 mm and 4 mm for each mouse. One statistically significant outlyer (P Ͻ 0.005) for non-papilloma tumor induction time (171 days) mice. Most of the time, a reddening of dorsal skin preceded in the 140-kJ/m 2 dose-group was rejected from the data set. Mice with a the actual damaging of the dorsal skin, which was due to large total tumor mass (0.5 to 1 cm 3 ), and/or with a bad condition were scratching. Other skin changes observed were a yellowish physically removed from the experiment. Three thresholds for scratch coloration (loss of pink color), a scaly dryness, skin thickening, marks were tested to ascertain the interference of severe skin damage with leathery appearance, sagging and wrinkling of the irradiated tumor appearance: scarring on more than 10, 25 and 50% of the dorsal skin, and at 50% occurrence the animals were physically removed from skin. Flaky skin, especially just behind neck region (most the experiment.
likely due to extensive hyperkeratosis) was seen in three mice
Tumor response of a group is described by the prevalence, i. Tumors were subdivided according to macroscopic appearance
The death-corrected tumor prevalence is then given by one minus this chance. As was established from earlier experiments, the prevalence data can be in papillomas and non-papillomas. Post-mortem samples of fitted with log-normal or Weibull distributions using a maximum likelihood tumors were taken from mice that had to be removed from method (13, 14) . This method, too, includes a correction for animals that died the experiment. A total of 60 formalin-fixed samples were sent or carcinoma in situ/Bowenoid tumor) and only one of the five macroscopically identified papillomas showed some features of Results neoplastic progression, and was histologically identified as a papillary growing SCC. With increasing tumor diameter the Scratching SCC outnumbered actinic keratoses, which were the predominAlready after 50 days of irradiation some mice in the highest ant lesions at small tumor diameters (Ͻ2 mm). dose-group started to scratch and severely damaged their dorsal Dose-time dependence of tumor induction skin and sometimes their ears. The incidence of mice bearing scratch lesions increased rapidly. After~90 days, 50% of the In the course of the experiment (620 days) animals in the 240-, 140-and 75-kJ/m 2 dose-groups contracted multiple skin tumors mice in the highest dose-group had developed scratch marks. Because of the known promoting effect of scarification on on scar-free, intact skin. However, the prevalence of 1-mm papillomas in these groups was very low, not exceeding 25%, tumor induction (18), tumors arising on previously damaged sites cannot be considered as purely UVA induced, and are, and no curve could be reliably fitted to this scanty data. KaplanMeier plots for the prevalence of papillomas are shown in therefore, excluded from the analyses. In the highest dosegroup only one mouse developed a tumor on unscarred skin Figure 3 . Log-normal and Weibull distributions were fitted to prevalon the head. Another five mice in this dose-group developed at least one papilloma in scar tissue. After 165 days of ences of non-papillomas in the UVA groups and the control UVB group. In Table II we give the parameter t 50 , and the irradiation all mice in this dose-group were sacrificed because of the severity of skin damage. No tumor induction information standard deviation σ of the log-normal distribution for the different tumor categories. In Table III we give the parameter could therefore be extracted from this dose-group. In the other dose-groups scratching also occurred, but it set in later in t 1 and the power of time (p) of the Weibull distribution (see Appendix) for the same data. In the 140-kJ/m 2 dose-group 16 relation to tumor occurrence, thus allowing tumor induction times to be measured. At 240 kJ/m 2 per day, 14 mice had to out of 23 mice contracted one or multiple skin tumors. The standard errors of the parameters fitted for this group are be removed because of extensive scarification (Ͼ50% dorsal skin involved) prior to the development of any tumors.
smaller than those for the other two dose-groups in which only seven out of 24 mice contracted a tumor. Evidently, with Lowering the threshold for discarding an animal from 50 to 25% of scarred dorsal skin decreased the estimated median fewer data on tumor induction the estimates are likely to be less accurate. In the 75-kJ/m 2 dose-group the total of tumor induction time, t 50 , of 1-mm tumors from 418 to 379 days. Lowering the threshold from 25 to 10% did not affect the t 50 contracting mice was limited by (natural) death before the appearance of a tumor. In the 240-kJ/m 2 dose-group 14 mice any further, and a threshold at 25% was, therefore, deemed appropriate. There was no discernible interference from were discarded from the data analysis (at a time point where 25% of the dorsal skin was scarred), thus limiting the number scratching with tumor induction at lower daily doses, i.e. in the groups with 140 and 75 kJ/m 2 per day.
of animals on which tumors could be sighted. The parameters σ and p for the UVB control group in this The time at which the mice start to damage their skin as well as the severity of the damage was clearly dose-dependent. experiment are very close to those found earlier for mice irradiated with Westinghouse FS40 sunlamps (13). To compare A more detailed analysis of the induction of scratch marks [dose-time dependency and an attempt to prevent it by the doses between these experiments we have to account for spectral differences between the earlier Westinghouse FS40 suppression of mast cell activity by Ketanserin (Janssen Research Foundation, Beerse, Belgium)] will be published sunlamps and the North American Philips F40 sunlamps used here; the latter emits relatively more in the short wave UVB elsewhere. log scale we expect a linear relationship as was found earlier an r-value of 0.44 Ϯ 0.11 was obtained.
Carcinoma in situ/Bowenoid tumor 3 3 Actinic keratosis 11 3
The carcinogenic action spectrum
Non-cancerous lesion 1
In order to produce a consistent measure of the difference in carcinogenicity between two UV sources (e.g. UVA versus
Histopathological diagnosis of (n ϭ 1) (n ϭ 4) UVB) the dose-response relationships should run parallel, i.e. source, which would evoke the same response. However, we do not find a strict parallelism in the dose-response relationships a n is sample size.
between the UVB (FS40 sunlamps) and long wave UVA (365 nm); for the former we earlier found r ϭ 0.6 and for the latter we now find r µ 0.4. Although the latter has a considerable error (about 0.1), there appears to be a tendency for 365-nm radiation to become more efficient, relative to UVB radiation, as the daily dose is lowered. This effect is illustrated in Figure  5 where the relative carcinogenicity at 365 nm measured in the three lowest dose-groups from the present experiment is plotted onto a graph of the earlier determined SCUP action spectrum for carcinogenesis in hairless mice (the carcinogenicity is calculated from t 50 in days and the corresponding daily dose D in J/m 2 as 23.8/(1.19 D)ϫ(283/[t 50 -17]) 1.6 (7), the factor 1.19 corrects for the estimated 19% difference in dose-efficiency with the earlier experiments). It is clear that these points fall close to the SCUP m action spectrum and are well within the margins of uncertainty that were derived earlier.
Discussion
In addition to earlier studies, proving that wavelengths over 340 nm are carcinogenic in hairless mice (4,20), this study proves more specifically that nearly monochromatic 365-nm radiation is carcinogenic in hairless mice. The 365-nm radiation induces the same type of skin tumors (mainly squamous cell carcinomas and precursor lesions and some papillomas) as sources (5,6), there are relatively many papillomas among the first appearing tumors, which subsequently become rapidly outnumbered by newly arisen actinic keratoses that progress part of the spectrum. Based on the SCUP m action spectrum (7) and the difference in lamp spectra, the tumor induction into carcinomas. Only a minority of the papillomas progress to carcinomas, most of the carcinomas develop from rather times (both t 1 and t 50 ) in the present experiment are~11.5% shorter than expected, implying that the daily dose was~19% flat, laterally expanding lesions, actinic keratoses, which are usually well vascularized. more effective than expected. This difference in effectiveness of the exposure could be due to a somewhat longer exposure
The visible skin changes observed after chronic UVA (365-nm) irradiation in this study are similar to those described time per day (120 instead of 75 min) (19) or a slightly higher susceptibility for this cohort of mice. For further comparisons, earlier (21-24) and include skin changes also seen after chronic UVB irradiation like thickening, yellow discoloration and the UVA data will be corrected for this 19% difference in dose efficacy. In the negative control group, exposed to yellow wrinkling, but also changes more specific for long wave irradiation, like scratch marks before tumor development and light, no tumors were spotted.
If we make a Kaplan-Meier plot of the tumor prevalence sagging. Part of the differences in skin changes seen between UVB and UVA might be explained by the deeper penetration versus time on a logarithmic scale, we can draw in the fitted Weibull curve to match. The results for 1-mm tumors in the of UVA wavelengths (25) , but the unknown underlying mechanisms are likely to be different, too. The evaluation of three lowest UVA dose-groups are shown in Figure 4 . Plotted this way, the curves run parallel, shifted along the log-time histological changes in the skin of the UVA (365-nm) irradiated mice will be published elsewhere. In humans repetitive subaxes toward longer times for lower daily doses. If we plot tumor induction times (t 1 or t 50 ) versus daily doses on a logerythemogenic UVA irradiations results in epidermal and UVA lamp (N a ϭ 24) (n b ϭ 7) (n ϭ 7) (n ϭ 7) (n ϭ The results are presented for the three lowest UVA dose-groups and the UVB control group. a N ϭ total number of mice. b n ϭ number of tumor contracting mice. c Number too low to fit the data. (n ϭ 7) (n ϭ 7) (n ϭ 4) c (n ϭ 2) c 240
(N ϭ 16) (n ϭ 16) (n ϭ 16) (n ϭ 15) (n ϭ 5) 0.92 t 1 69 Ϯ 2 7 8 Ϯ 3 9 8 Ϯ 4 137 Ϯ 10 p 7.7 Ϯ 1.4 7.9 Ϯ 1.4 6.8 Ϯ 1.3 9.6 Ϯ 4.0
The results are presented for the three lowest UVA dose-groups and the UVB control group. a N ϭ total number of mice. b n ϭ number of tumor contracting mice. c Number too low to fit the data.
dermal photo-damage (26) confirming that apart from being minimized, by discarding an animal from the analysis if the scarred skin area becomes too large (Ͼ25% of the back skin carcinogenic, UVA strongly contributes to photo-aging.
The induction of severe scratching after months of 365-nm in a dorsal view, i.e.~2.5 cm 2 ). The dose-response for the induction of scratch marks clearly differs from that for inducing irradiation in the highest dose-groups interferes with the development and spotting of tumors. This phenomenon has tumors as there is much less interference from scratch marks in the two lower dose-groups (140 and 75 kJ/m 2 per day). been reported earlier for UVA sources (3,4,27), but it has also been reported to precede tumor induction at high levels of
The prevalences of papillomas in our experiment are too low and the steepness of the prevalence curves too variable to 312-nm radiation from Philips TL01 lamps (28) . In the latter case it clearly affected tumor occurrence as evidenced by a t 50 draw any conclusions. The Kaplan-Meier plots (Figure 3) do not indicate that papilloma induction kinetics by 365-nm that did not react to a further increase in daily dose. Tumors arising in scar tissue are clearly suspected of being promoted irradiation differs from that of earlier reports with broadband UVA sources (5,6): an early onset of papillomas is seen but by non-specific trauma to the skin, i.e. not purely related to the UVA radiation. In our highest dose-group (430 kJ/m 2 the prevalence rises very slowly. The prevalence for nonpapillomas in the present UVB-irradiated control group shows per day) the scratching totally obliterated the undisturbed occurrence of tumors. In the next dose-group (240 kJ/m 2 per a time course that is very similar to that observed earlier, i.e. the steepness given by p ϭ 7.9 Ϯ 1.4 (see Appendix) for day) scratch marks also censor tumor occurrences to a large extent, but this interference can be eliminated, or at least 1-mm tumors is within the range found earlier, of six to nine range of 0.12 to 0.18) (13). The time course of non-papilloma prevalences under daily 365-nm irradiation is also similar, albeit that the steepness p ϭ 5.7 Ϯ 1.4 touches the lower end of the previous range (or the spread σ ϭ 0.22 Ϯ 0.05 touches the upper end of the range). Although the steepness (p) of the prevalence with 365-nm radiation is not significantly different (2.2 Ϯ 2.0) from that with UVB radiation, if we also consider the p-values of UVB radiation from earlier experiments (13), it tends to be lower in the present experiment. The variation in irradiation over the cage (maximally 20% lower in extreme corners of the eight-compartment cages) in the present UVA experiment could be somewhat higher than in UVB experiments and thus increase the spread in tumor induction times, i.e. decreasing p. We estimate, however, that this effect does not increase p by more than approximately 7%. The median induction time t 50 was found to be inversely proportional to the daily dose (D) to the power r (i.e. t 50 ϰ D -r ) with r ϭ 0.62 Ϯ 0.03 for the smallest tumors induced by Westinghouse FS40 sunlamps (13,29); and in a similar smaller study r ϭ 0.53 Ϯ 0.03 (30) and r ϭ 0.584 Ϯ 0.002 with Philips TL01 lamps (31) . In the present study we find r ϭ 0.35 Ϯ 0.08 (if we limit ourselves to the two lowest dosegroups, r ϭ 0.44 Ϯ 0.11). Although the uncertainty in r at 365 nm is rather large, the dose-dependency of tumor induction times appears to be lower with 365-nm radiation than with UVB radiation (see Figure 6) : r is about 0.23 Ϯ 0.09 lower.
Multiplying the p-value for the power of the time dependency by r (as derived for t 1 ) yields an estimate for the p1-value for the power of the dose-dependency, as described in Equation 4 in the Appendix. Taking p ϭ 5.7 Ϯ 1.4 and r ϭ 0.34 Ϯ 0.09 for 365-nm radiation, we find that p1 ϭ 1.9 Ϯ 0.7. We reported earlier that p1 ϭ 4.3 Ϯ 0.5 for UVB radiation (14) , which would imply that the p1 value for 365-nm radiation is about 2.4 Ϯ 1.0 lower; i.e. about the same difference as for the p- p values are lower with 365-nm radiation than with UVB radiation. In terms of the multi-step interpretation of the
